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Frequency chirp and pulse shape effects in self-modulated laser wakefield
accelerators @

C. B. Schroeder,” E. Esarey, C. G. R. Geddes, Cs. Toth, B. A. Shadwick,
J. van Tilborg,® J. Faure, and W. P. Leemans
Lawrence Berkeley National Laboratory, University of California, Berkeley, California 94720

(Received 7 November 2002; accepted 20 January)2003

The effect of asymmetric laser pulses on plasma wave excitation in a self-modulated laser wakefield
accelerator is examined. Laser pulse shape and frequency chirp asymmetries, controlled
experimentally in the laser system through a grating pair compressor, are shown to strongly enhance
measured electron yields for certain asymmetries. It is shown analytically that a paségetive
frequency chirp enhancesuppressgsthe growth rate of the Raman forward scattering and
near-forward Raman sidescatter instabilities, but is of minimal importance for the experimental
parameters. Temporal laser pulse shapes with fast rise timsepl§sma periogd are shown to
generate larger wakgsompared to slow rise time pulgeshich seed the growth of the plasma
wave, resulting in enhanced electron yield. 2003 American Institute of Physics.
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I. INTRODUCTION To interpret these measurements we theoretically examine
the influence of asymmetries in frequency chirp and tempo-
Controlling the coupling of laser light to plasma waves ra| pulse shape on the laser-excitation of plasma waves. Sec-
is important in numerous applications, such as laser-plasmgon || describes the LBNL SM-LWFA experimental results.
accelerators, laser-plasma-based harmonic generation, |n Sec. IIl, we present a calculation of the effects of a fre-
x-ray lasers and laser-driven inertial confinement fusion quency chirp on the growth of the RFS and near-forward
scheme$. Laser-plasma accelerators, which have been proraman sidescattéRSS instabilities, which are responsible
posed as compact next-generation accelerators, rely on lasgf the generation of high phase velocity plasma waves. In
excitation of large amplitude plasma waves for trapping andsec. 1V, we examine the seed generated by asymmetric tem-
acceleration of charged particlesThe use of laser poral pulse shapes. Section V summarizes the results pre-

bandwidth?® coherencé, frequency chird, and pulse sented in this article and discusses the implications for future
shaping'® have been proposed as methods for controllingexperiments.

the laser-plasma coupling.

Raman forward scatteriﬁb(RFS can be used to drive || EypERIMENTAL OBSERVATIONS
the self-modulated laser wakefield accelerda®M-LWFA),
in which a long(compared to the plasma wavelengtaser In the SM-LWFA experiments performed at LBNE,
pulse becomes modulated and produces a large amplitugérong asymmetry in the yield of energetic electrgaad
plasma wave with phase velocity near the speed of lifgit  neutron productionwas observed as a function of compres-
a review, see Ref.)l This plasma wave, with 10—100 sor setting(which corresponds to variations in pulse dura-
GeV/m accelerating gradients having been demonstrated ugion, frequency chirp, and pulse shaple these experiments,
ing present laser technology, can be used to acceleratew energy laser pulse®f wavelengthA =0.8 um) from a
charged particles to high energiés!’ Recent experiments Ti:Al ,O; laser oscillator were first temporally stretched, am-
by Faureet al’® have studied the dynamics of RFS using plified to 1 J/pulse level, and then compressed using a grat-
picosecond linearly chirped pulses and found no dependendeg based optical compressor. Following compression, the
on the sign of the chirp for laser intensities2x 10’  laser beam was focused to quén spot sizgRayleigh length
W/cn?. Other experiments by Yaet al'® have reported en- Zr=0.14 mm with a 30 cm focal lengtiF/4) off-axis pa-
hanced efficiency of the RFS instability for positively rabola onto a pulsed gas jet. The peak poRef the laser
chirped laser pulses. was varied using both the pulse duration and laser energy. At

In this article, we discuss recent experiments conducte@ptimum compression[55 fs full-width-half-maximum
using the short pulse, high peak power and high repetitionFWHM) durationl, P=8.3 TW, resulting in a calculated
rate Ti:Al,O, laser systerl at Lawrence Berkeley National peak intensityl = 2P/zr5=1.5x 10*° W/cn? and a normal-
Laboratory(LBNL ), which reported frequency chirp induced ized laser strength ap=8.6x 10" '\[ um]I ¥ W/cn?]
asymmetries in the SM-LWFA electron and neutron yiéfls. =2.6. The laser pulse spectral bandwidth was typically
21-22 nm FWHM, oA w/ wg=2.6%.

The laser pulse duration, frequency chirp, and temporal

a)Paper KI1 5, Bull. Am. Phys. Sod7, 181(2002.

Ynvited speaker. Electronic mail: chschroeder@Ibl.gov envelope Ch_araCteriStiC_S were varied by scanni_ng the com-
®Also at Technische Universiteit Eindhoven, the Netherlands. pressor grating separation. The laser pulse duration was mea-
1070-664X/2003/10(5)/2039/8/$20.00 2039 © 2003 American Institute of Physics
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FIG. 1. Pulse duration measured from single shot autocorre(deshed

line) versus compressor setting. The insets show the normalized intensitiyIG. 2. (Color Forward laser spectra versus compressor setting-#80
temporal distributions (t)/1, at two relative compressor separations corre- mJ/pulse lasefduration=50 fs) focused on the gas jet upstream edge.
sponding to positively and negatively skewed pulses- (-0.6) of 76 fs

FWHM duration.

front. For self-guided laser pulses, the laser intensity will
sured with a single shot autocorrelator, located outside thexceed the ionization appearance intensity of Heoy two
vacuum chamber, and temporally resolved spectra of the lasrders of magnitude and hence only the front of the laser
ser were measured using a frequency resolved optical gatirulse will experience blueshifting. For laser pulses below the
(FROGQ system, allowing pulse shape reconstruction. Figurecritical power, diffraction will reduce the laser intensity, re-
1 shows the pulse duration versus compressor setting. A fresulting in a significant portion of the laser pulse undergoing
guency chirp was produced by translating one of the gratingfequency blueshifting. For compressor settings such Bhat
of the compressor away from the optimum compression set<P.;;, the transmitted laser spectra contained significant
ting. As the pulse duration increases, the frequency chirplueshifting over the laser pulse. For compressor settings
increases and the laser intensity decreases, such that thech thatP=P.; the amount of ionization blueshifting was
bandwidth and pulse energy are preserved. Higher-ordedrastically reducedsee Fig. 2, indicating guiding and re-
phase dispersive terms associated with optical components gulting in electron production. When electrons were pro-
the laser system will modify the temporal pulse shape. Pulsduced, spectra showed a clear redshifted sideband, which is
shapes for positively and negatively chirped pulses with 7@ttributed to RFS or near-forward RSS.
fs FWHM duration, are shown in Fig. 1. As can be seen in  The dependence of electron yield on focal position
Fig. 1, accumulated phase nonlinearitiesom propagation ~ within the plasma density profile was examined. The total
through the laser systefincluding the compresspresulted charge per bunch of the electron beam was measured using
in positively (negatively chirped pulses having a fa&tlow) an integrating current transformer. Two cases are shown in
rise time. The experimental temporal pulse shapes caRig. 3. In case 1, the laser was focused on the upstream edge
be well-fitted to a skewed-Gaussian of the foriit)  (low density~2x 10" cm™3) of the gas jet. In case 2, the
=1 gexp[ —t?/(202) [ 1+bt/(t>+ 022 "1}, where b is the laser was focused into the jet at a densitgx 10'° cm™ 2.
skew parameter and; is the pulse duration. It should be
noted that, in principle, positively chirped pulses can also be

generated with slow rise and fast fall times through different 4 : : : - : 700
compressor tuning.

Typical experimental plasma profiles had peak density in 33 60—~
excess of X 10 cm™3 over 700um, with a 500um ramp 1 z
from vacuum on either side, as measured interferometrically. ~ _ AN s
The minimum power at which electrons were observed was & 23 | Asto &
~0.9 TW (pulse duration~500 fg, which is comparable to oot S
the critical power for relativistic self-guidintf, P GW] :3 300 _::
=17.4(\,/\)?, for an equilibrium plasma density,=10" = 13 =
cm ® (plasma wavelength Ap=11um), where X\, £ iF n =
=2mclw, and w§=47-re2n0/m. Without guiding, the laser- ®
plasma interaction is limited to about a Rayleigh length ow- 0.5 f : L
ing to diffraction. Experimental evidence for relativistic self- 0 e TR TR 0
guiding of laser pulses above the critical power was observed -1500 -1000 -500 O 300 1000 1500

in the transmitted laser spectra, shown in Fig. 2. Since the

Relative compressor separation [mm]

Igser pUIse IS respon3|ble for p'asmf.i (.:reaftlon throth IonIZﬁflG. 3. (Color) Electron yield for cases &ed curve and 2(blue curve and
tion of the He gas, frgquency blue.Sh'ftmg n the-lasgr p_UIS? I%ulse duration(dashed lingversus compressor setting. Asymmetry in elec-
observed due to the interaction with the comoving ionizationron yield is observed versus compressor setting for case 1.
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For case 2, the peak plasma density was 25% lower, whichis  gn .
a small correction compared to the difference between the 75+ V-(n8)=0, (4)
densities at the two focal locations.
For case 1, the maximum electron yield did not occur forwhere VX (y3—a)=0 initially (before the passage of the
the shortest laser pulse duratifaefining the zero-setting of laser pulsgwas assumed.
the compressorand was found to be larger for positive chirp In this work we will focus our analysis on laser propa-
by about a factor 2 compared to negative chirp. In some rungation in an underdense plasma with group velocity of the
order of magnitude asymmetries have been observed in tHaser approximately the speed of light. This allows one to
electron data. For case 2, significantly less asymmetry wasake a time scale separation between (kster frequency
seen and the yield was found to peak close to the compressand slow(plasma frequengytime scale$® The termdV ¢
zero. Although the peak yield is nearly equal in the twocan be neglected in E@l) since the fast part of the electro-
cases, focusing on the gas jet edgase 1 produces signifi- ~ static potential is typically small compared to the fast part of
cantly larger amounts of high energy electrons, as previouslthe plasma current, which is approximately the transverse
shown through gamma-neutron activation experiméhts. vector potentiaty3, =a, for an initially quiescent plasma.
Several possible mechanisms have been investigated to To study the growth of Raman instabilities, we consider
explain the asymmetry in yield with compressor setting.,  a density perturbatio@n=n/ny— 1, which results from the
positive and negative chirp for a fixed pulse lenglh Sec.  scattering of a large-amplitude pump laser pusgy, into
1, we examine the effects of a frequency chirp on RFS anddaughter wavesisqy, such thaa,md>|as.f. Linearizing
near-forward RSS, which are responsible for high phase veabout the perturbationdn and as., Egs.(1)—(4) can be
locity plasma wave generation. In Sec. IV, we examine thecombined to yield

seeding of the Raman instability by asymmetric pulser 2

7 1
shapes. —P |sn=—-V2?(a ) )
| 9c®t?  Yio Y2 pumifiscat’
and
I1l. RAMAN SCATTERING OF CHIRPED LASER 3
PULSES P K
2 -2 Ascat
The effect of a finite-bandwidth on parametric instabili- [ ac’t> Yo
ties, such as the Raman instability, has been extensively stud- 2 1
ied for the case of an uncorrelated, or random, frequency __"P 4 Sh— —(a (6)
bandwidth>® In this section we examine the effect of a cor- Yo 0 Yo pamPocal
related frequency chirp on i ili
rates g y P the Raman instability grovVthHere yfozl+(a§ump§, where the angular-brackets denote a
. 1/2

time-average over the fast laser period, &pd/y g is the

To study the effects of a frequency chirp on RFS and lasma frequency in the lab frame including the correction
near-forward RSS, we consider a Maxwell-fluid model of thep q ey | . . ) 9 .
?ue to the relativistic quiver motion. It is convenient to work

I -pl i ion. ; -
aser-plasma interaction. In the Coulomb gauge, the MaxwelIn the comoving variablg’=z—ct and transform from the

ti for the fi X :
equations for the fields can be expressed as variables g,t) to ({=z—ct,7=ct). We will assume that the

2 head of the right-going laser pulse is initially &t 0 and the

- n. 4
V2 P a=k§n—oﬁ+ prrald (1) body of the laser pulse extends into the regiea0, while
the plasma is unperturbed in the regivn 0. In the comov-
n ing variables {,7) the linearized equations become
VZ2p=ki| ——1], 2
No g a\% K
* EREIIN A
wherek,=27/\,, a and ¢ are the transverse vector and [ |97 ¢ Y10

scalar potentials, respectively, normalizechic?/e, andn is
the plasma number density. The relativistic Lorentz factoris  _— ( V24 2‘9_ - _P> Bpumiscat (7)
y=(1-B-B) Y2 whereg is the electron fluid velocity nor-
malized to the speed of light.

A cold-fluid model of the neutral plasma is assumed.
Thermal effects may be ignored when the quiver velocity is _,
much greater than the electron thermal velocity and the then- Vi+ 2%(97 a2 Yo
mal energy spread is sufficiently small such that electron
trapping in the plasma does not take place. The ions are alsghere p= 6n—a,umAscal Yo
assumed to be stationary, which is typically the case for ~We model the pump and scattered laser pulse normalized
short-pulse €1 ps) laser interactions in underdense plas-transverse vector potentialBnear polarization is assumgd

and

P? P K k3
ascat:_apumpép (8)
Y10

mas. The cold fluid equations can be expressed as as
J L . a i, ar .
E(’yﬁ—a):V(d)—‘)’), 3 aL:apump""ascat:?e O+Z 76 =+c.c, 9
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where ay is the pump amplitude, and. are the slowly pump laser pulsepg=Kkyl+ (AKk/2){(1+¢/L). The local
varying envelopes of the Stokdslown-shifted and anti- wave number i§§<p0=ko+Ake(§/L+%), such thakg is the
Stokes(up-shifted scattered light waves. Note that, for di- central wave number and.=Ak./k, is the relative chirp
rect RFS or near-forward RSS, both the Stokes and antever the FWHM pump laser pulse length. By assuming this
Stokes waves can be approximately resonant. We wilform of the pump laser pulse, we are neglecting pump dis-
assumeag|>|a.| anda, is a nonevolving envelopéi.e.,  persion effects. This is justified since the growth length of
pump depletion effects are neglecketb isolate the effect of the Raman instabilities is much shorter than the dispersive
a frequency chirp we will consider laser pulses such thabroadening length.

koco>1, and the laser pulse vector potential amplitude is  Equations(12) and (13) can be combined, fok,/k
approximately uniform within the pulse. To lowest order, <1 and|k, /ky|<1, to yield

(a?)=(a%,mp =|aol?2. The temporal and spatial derivatives 7 K2/ag? 5

of the phase determine the local values of the pulse fre- ~(ata, +aga*)=— pl<o (k2—2ik—)f).
guency and wave number for the pungubscript 0) and ar? - 4((9§<p0)2n0 * aT
scatteredsubscript=) light waves:wq . =—deg . /dt and (14

>

Ko~ =V o~ . The plasma density perturbation is modeled agp, the weakly coupled regime such th|a1§ﬁ|<|k[)|, Egs.
A (11) and(14) can be combined to yield

p .
5p: Ee"f’p—l— c.c., (10) &3;) ' kg|ao|2(1+ ki/kz)

s 0 )A
N _ _ 097 i 16'y7/2(6' o0)? (kL 2|ka7_ p. (15
wherep is the slowly varying envelope of the plasma density L108%¢
perturbation andp,=kz+k, x; —wt. The resonance condi- Equation (15) describes both the direct RFS and near-
tion for Raman scattering requirgs. = ¢+ ¢,. Note that forward RSS instabilities.
here we are considering “whole-beam” instabilities such that ~ Several regimes of RFS and near-forward RSS can be
k,~rot, wherer is the laser spot size, and we model theidentified?*~2"and, as the instability grows, it passes through
scattered light and plasma waves as plane waae$Z,7) these various regimes depending on the valu¢/pfr and
andp(¢, 7). the laser-plasma parameters. In the following sections, we

Using the eikona{s|0w|y Varying enve|opbapproxima_ will consider the early time behavior of the Raman instabil-
ity, where both the Stokes and anti-Stokes waves are ap-

tion |d,p|<|kp|~|wplc|, |d,a.|<|ka.|~|wa./c|, and _ _
|a§ai|<|kai|~|wai /c|, Eq.(7) reduces to proximately r(_esonant. In Sgc. A, we con_S|der plasma
wave generation through axial energy transgog., RFS,
5? o J - 1 A and, in Sec. Il B, we consider plasma wave generation
a_§2+2' car PrlP= 27 (Dp—k“—k7) through radial in addition to axial energy transpos., RSS
Yio or the self-modulation instabilijy
X(agay +apal), (1) A. Raman forward scattering
whereD = w?/c?~k/y,  is the dispersion relation for the In this section we consider plasma wave generation

plasma wave. With the eikonal approximatio@a.|  through axial energy transport or RFS. Physically, RFS oc-
<|k-.a.|, the evolution equations for the daughter wavescurs due to the beating of the incident and scattered light,

Eq. (8) reduce to producing a ponderomotive force which generates a plasma
3 K2 density modulation at or near the plasma frequency. The
D, +2iw, —|a,==——agp, (12)  plasma density modulation appears as an index of refraction
ar 2710 modulation to the incident laser pulse, which results in axial
3 K2 bunching of laser energy, resulting in additional scattering,
(D—Zi o0 —|a*=—2 asp, (13)  thereby producing an instability.
ar 27,0 In the one-dimensiona(1D) limit, where |k?p/(2K)|

whereD . = w?/c?— k% —ki —k3/y, o is the dispersion rela- <|a,p| and|k, /k|<1, Eq.(15) reduces to
tion for each daughter wave. We take the pump wave to 2
satisfy the dispersion relatiod o= wg/c?—k§—k3/ v, 0=0. (—+Filoc)[):o, (16)
Note that the resonance conditign = ¢y * ¢, implies o dgaT

=wo+rw and k.=Kky*k. Without loss of generality, we where

may takeD,=0 andD _ =0, which implies that the plasma

wave number isk=k,/y o, assumingk,/ky<1 and Tl )= —b——
|k, /ko|<1 (i.e., underdense plasma and direct RFS or near- V8724(3:90)

forwar.d RSS. Fpr RFS or near-forwagd RS%’ ”;e antl-StokesiS the relativistic growth rate for the four-wave resonant RFS
wave is approximately resonald , /k§|=2k{/ki<1.

For definit i id | | instability at the local wave number of the pump laggp, .
_ mor definiieness, we will Consider a pump {aser pulSeryq gqytion for the amplitude of the plasma wave potential
with a flat-top distribution such thaby({)=a, for ¢

. . _ $ S . 7
e[—L,0] (i.e., the head of the pulse is locatedZat0 and |nS|dAe the Iafer pulsgior —L={<0) i’
the tail of the pulse at=—L), and a linear chirp on the p(7,0)=poH(T) o[ 2T 4eir 7 |1, (18

kSIaol

17
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from the head to the locatiof. Since the local growth rate

30
[cf. Eqg. (17)] is larger at the head for positive chiijped
25 wavelengths at the hegdhe enhancement in the growth rate
520 for positive chirp is a result of larger cumulative growth of

the plasma density modulation from the head of the pulse to
£, compared to negative chirp.

These results are valid in the four-wave resonant regime.
The 1D RFS instability will be in the four-wave resonant
regime provided |ag|?|¢|/>8(k,/ko)*. For sufficiently
long times, this condition will no longer be satisfied, and the
kgl RFS instability will transition into the four-wave nonreso-

FIG. 4. Growth of pl litugép, due to RFS h nant regime”

. 4. rowtn or plasma wave amplitugegpo, aue to Versus pnase . ) ) ~ 2 ~

k¢ at three timesk, 7= 100, k,7= 200, andk,7=300 for the parameters: _ RFS will dominate RSS prO\/_Idedic?Tp|_%|(kL/2k)p|.
ag=1, ko /k,=10, andk,L=40. Solid line is laser pulse without chit, Using the RFS growth rate, this condition reduces to

_=0, dashed Iine_ is Ias_e_r pulsg with negative chiip=0.1, and dotted line (k. /kp)4<[3(2)/(4730)](kp/k0)2| é‘|/7-_ Therefore, for suffi-

Is laser pulse with positive chirfe=—0.1. ciently long time or small transverse laser structure
(~k11), the instability will transition into the regime where
RSS (the self-modulation instabiliy will dominate the
growth of the plasma wave.

pols

-40 -30 -20 -10 0

where |, is the modified Bessel function of zeroth-order.
Asymptoticallyk§| (| > 1, the amplitude of the plasma wave
grows exponentially ap~exg 2l 4em/7Z[]. The effective
growth rate of the plasma wave due to the four-wave reso-

nant RFS instability is a function of position within the pump B. Raman sidescatter

laser pulse: In Sec. Il A we considered axial transport of laser en-

1} 172 ergy, which results in modulation of the pump laser at the

(19 plasma frequency. For certain laser plasma parameters, the
modulation of the laser pulse can be created by radial in

For apositivechirp (i.e., A.<0, with red wavelengths at addition to axial transport of laser energy via RSS. Physi-
the head and blue Wavelengths at the tail of the laser pulseca”y’ the radial transport occurs due to the p|asma wave
the RFS growth rate Eq19) is greaterthan the local growth  generating periodic regimes of enhanced focusing and defo-
rate throughout the laser pulse. Note that for the unchirpedusing. This leads to bunching of the laser intensity, which
case, Ae=0, Zthe effective growth rate reduces ®,  drives high phase velocity plasma waves.
=K3laol/(\8%7 oko), the usual nonlinear growth rate for the | the regime where(k?/2ko) p|<|3.p|<| (k2/2K)p,
four-wave resonant RFS instabil@§. For |A <1, the Eq. (15) reduces to
lowest-order correction to the growth rate due to chirp is
Taer=T[ 1= (A/2) (1 [¢|/L)].

Figure 4 shows the growth of the plasma wave ampli-
tude p/p, [Eq. (18)] due to the four-wave resonant RFS in-
stability versus phas&p¢ (location within the pump laser
pulsg for the normalized parameteras; =1, ko/k,=10, and ~ where
koL =40. The figure shows that for positiveegative chirp
A.<0 (Ag>0), the growth rate of the four-wave resonant |a0|2kgkf ( k? no)

Taed O)=Taod 1— A 16/, Ae
4e — 1 4lo e L 2

3

+il3s|p=0, (20)

ALIT?

RFS instability is largefsmalley than for the unchirped case F%SS( )= 1677 5 (21

(A,=0). v10(d:90)
As Eq.(18) indicates(and shown in Fig. ¥ the growth

of the instability is relatively insensitive to the frequency IS the local growth rate of the RSS instability. Asymptotically

chirp. For example, at the center of the puld& (< Eqg. (20) has the solutiorp~ poexdNrsd ¢, 7;A¢)], Where

=—L/2)=T,(1+A2) 2 and the growth rate is changed the exponentiation is given by

by only 0.64% due to a 2.6% negative chirp over the pump
laser pulsdi.e., the experimental bandwidttPhysically this {k3|a0|2kf ( kf Yio
712y,2

laser-plasma interactiop.. = ¢o* ¢, which shows that the Ko
daughter waves adopt approximately the same local fre- L\V3 AL\ 1 1 7\

s (03] readart)] ]
tion of the instability continues as the plasma modulation €
slips through the pulse. The weak dependence on the sign of (22
rate. The growth of the instability at any location inside the In the limit ay<1, k,>k, = V2Irg, andA <1, the ex-
pulse ¢ will be determined by the plasma wave generationponentiation reduces to

2
kp

1/3

2
kp

1+A,

3
can be understood through the resonance condition for thNRsszg(\/§+i)72/3
Yio
guency as the pump laser, and therefore the resonant excita- X
the chirp can be understood by considering the local growth
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_3(y3+)

P 13 -\ 203 Ae 1] The Raman instability is initially seeded by plasma den-
e ) lE Tl

2P_ Kpl | 3 1- T sity fluctuations or pump laser intensity fluctuations which
¢ 23) contain Fourier components at the relativistic plasma fre-
o . quencyk=Kk,/y5. For example the seeding of the RFS
whgrezzsz Kors/2 is the laser Rayleigh length a/P.  may pe generated by thermal fluctuations in the plasma,
=kgagrs/32 is the power normalized to the critical power for jgnization-induced plasma wavéswing to a time-varying
relativistic self-guiding. For the unchirped cadge=0, Eg. dielectrig, 33 or ponderomotively excited plasma waves
(23) reduces to the well-known growth rate for the self- (owing to the laser intensity gradierf=*®
modulation instability?>3° As Eq. (23) indicates, the change Experiments often will use the same pump laser pulse
in the RSS growth rate due to chirp will be relatively yhich undergoes self-modulation to create the plasma
small. For example, at the center of the pulse,nough ionization of a gas. Typically photoionization will
|NR35(—L/2,Ae)|/[NR55(—L/2,Ae= 0)|=(1-A6), and qeeyr very early in the head of the laser pulse, where the
the growth rate is changed by only 0.43% due to a 2.6%ser electric field becomes sufficiently intense such that the
negative chirp over the pump laser pulge., the experimen-  rate of jonization is maximur®® This will create a plasma
tal bandwidth. . N density front moving with the laser. The amplitude of the
t As |W|th FiES thhe ntetarl]r-forv;/ardf RSS !tr_lstab;]I!ty tghro""tfh ionization-induced plasma waves created by this ionization
rate is larger throughout the pulse for positive chirp than for, - - N 20, o
negative chirp. This is due to the enhanced local growth rat%%nlto\g;tli obr? ir? E’ﬁ ero;l:r;l]e;)ttla;)ép eor pi‘l’ég"\’l'\”fr)lg’e \t/;f;erraetgog? iISniza-
atthe head of the pulse fgr positive chired wavelengths at tion is maximum. Note that the ionization locatid®,,, is
the headi [cf..Eq. (21.)]’ which produc;es a Iarger. plasma den- weakly dependent on the chirp. For typical laser experimen-
sity modulation. This plasma density modulation slips bathaI parameters, the shift in the ionization location due to

through the pulse seeding the RSS. chirp is less than a laser wavelengyi;,,<1, and therefore
. imatelv th locity of th | Shere will be little asymmetry in the seeding of Raman scat-
B, Is approximately the group velocity of the pump asertering owing to a frequency-chirp shift in ionization location.

pulse. Physically this results from the/2 phase shift be- The amplitude of the ponderomotively excited plasma
tween the density perturbations and the intensity modulations ~ 9o, 2 2
aves scales asg~K, “Vag~ag/(KpLisd “ for KpLyise> 1,

produced by RFS. For RSS, the density perturbations and the . ! .0 . :
intensity modulations are nat/2 out of phasé® which leads where the gradient in the rise in the laser pulse intensity
to a shift in the phase velocity of the plasma wavahe scales as-1/L . For short laser pulses, the ponderomo-

phase velocity of the plasma wave generated by RSS is tively excited p'?‘sma wave W'I.I typlga}lly dominate other
sources for seeding the Raman instability. For example, con-

1 sider Fig. 5, which shows simulation results from a non-
1-8,= E&Tlm(NRSS) paraxial envelope codeof the laser pulse self-modulation.
Figure 5 shows initiala) positively skewed andc) nega-
A 1Z| tively skewed laser pulses and ponderomotively excited
1- 3( 1- T) } (24)  wakes, andb) positively skewed andd) negatively skewed
laser pulses and resulting plasma waves after propagating
which indicates that the phase velocity of the plasma wav@ne Rayleigh range, for the laser-plasma paramekgrik,,
generated by RSS decreases in tithe. =6, kyrs=12, 76 fs FWHM pulse durations, argh= z
In deriving Eq. (15) it was assumed tha(k?/2ko)p| Initially the positively skewed pulse excites several plasma

<|a,p|, which is equivalent to assuming that both the StokegScillations within the pulse envelofi€ig. 5] that seed

and anti-Stokes waves are resonant. This condition can btge laser self-modulatiofFig. Sb)]. Plasma oscillations are

7/2/26<(Plpc)kp|§|, which indicates not excited within the pulse envelope of the negatively

expressed ast(Zg)y|g . . L
. ¢/ P . kewed puls¢Fig. 5c)], and therefore the instability is not
that for sufficiently | tion t the R ta> . ;
& for sUticiently iong propagation imes, the =aman ins astrongly—seeded and self-modulation does not odetig.

bility will transition into the three-wave regime where the

1 1/3

~ 2kZg

P kplZl

P. (11Zg)

anti-Stokes wave is no longer resonant. 5(d)]. . : -
To evaluate the ponderomotively excited seed, the initial

IV. PULSE SHAPE SEEDING OF RAMAN plasma response was calculated for the experimental tempo-

INSTABILITIES ral laser profiles using the 1D nonlinear quasi-static fluid

) equations. The evolution equation for the quasi-static fluid
In Sec. Il we have shown that the frequency chirp has gerturbation is

relatively minor effect on the growth rates of the Raman

instabilities which drive high phase velocity plasma waves, 5 5
e.g., the growth rates were changed=b{ % for the experi- M _ ﬁ
mental frequency chirp~2.6%). As described in Sec. II, a2
the presence of higher-order phase dispersive terms in the

optical transport line will modify the temporal envelope of Here ¢=vyny/n—1 is the quasi-static potential, and
the pulse, resulting in skewed laser pulses. In this section, wg? ,(¢) =1+|ag|?(£)/2, where|a|(¢) is the slowly varying
consider the effect of pulse shafiemporal distributionon  envelope of the pump laser pulse. Figur@)6shows the
the generation of plasma waves. plasma wave potential perturbatid®=¢— (v, o—1) pon-

(25

Y2 o(0) ]
—=1].
(1+¢)?
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0.2 ,, ! 0.2 ! N

‘ ! ! \
0.1] L’ | 0.1] ! AN FIG. 5. (a) Initial (7=0) positively

1 8 f AN skewed laser pulsa, and pondero-

0.0] T~ motively excited wakedp and (b)
positively skewed laser pulse and re-

sulting plasma wave after propagating

4 20 b 20 40 one Rayleigh ranger=2Zg). (c) Ini-
kpc tial (7=0) negatively skewed laser
0.4 pulsea_ and ponderomotively excited
@ T=Ig wake 5p and(d) negatively skewed la-
0.3 ,"\ a0 ser pulse and resulting plasma wave
f ‘\ - after propagating one Rayleigh range
0.2 ,' \ (7=2Zg). Laser-plasma simulation pa-
' * rameters:k, /k,=6, kyrs=12, 76 fs
0.17 50 ! . . FWHM pulse durations, andy= 3.
OQW
01
i 20 o 20 40
kg

deromotively excited by the steep, () and gentlea_(£)  sity O ,=k,C/y13|pead Of the ponderomotively excited seeds
rising experimental laser pulse profiles with 76 fs FWHM 5 — (J—'[a+5¢+]/f[a 5S¢ ])|Q for the steep and gentle

duration. A larger wake is excited within the laser pulse for .
rising pulses from Fig. @) for varymg density. The ratic\

the case of the steep risingositively chirped laser pulse . y . . . .
is a figure of merit for the asymmetry in the Raman instabil-

than for the gentle risingnegatively chirpef laser pulse. . ) ;
Figure @b) shows the ratio of the Fourier components ity seeds for positive and negative skew. Figufie) 8hows a

[evaluated at the relativistic plasma frequency at peak interfafge asymmetry in the Raman instability seed whgh
~10. Also shown in Fig. @) is the maximum amplitude of

the seed a, d¢, ({)]max Which decreases with increasing

25b@ N density or pulse duration. Hence, for high density or long

2 REX(S TN 4 2,0 pulse duration, the pulse envelope contribution to the seeding
15 ) . of RFS is small.

1 ' . For case 1 of the experimental results discussed in Sec.
0.5 7\ S0\ . Il (cf. Fig. 3), the laser is at high intensity throughout the

) . ~ . RN whole plasma; it enters at high intensity and remains focused
0;’ /\ /' \/ = §¢__ i G due to re_Iativistic se!f-guiding. As the pulse.encour.wters the
-0 low density plasma in the front of the gas jet profilgL

-3 0 K¢ 5 10 15 ~10 and the fast rise time for the positive chirped pulse is

able to excite large plasma waves, resulting in a larger seed
for the Raman instability. For the slow rise time pu(sega-
tive chirp, the response is weaker and lower amplitude
plasma waves ensue. The asymmetry in redshifted sidebands
observed in the experiment is also consistent with enhanced
Raman scattering for fast rise tinjpositive chirp pulses?
A larger seed leads to electron trapping earlier in the laser-
1 ~~ plasma interaction, resulting in larger electron yield.
____________________ When the laser pulse was focused deeper into the gas jet
10 15 20 25 (case 2 of Fig. B it traverses much of the lower density gas
eyl at low intensity. As can be seen in Fig(b§ in the high
FIG. 6. (a) Plasma wave potentidl¢ . excited by pulse envelop. (¢) for density region WherdxpL'ZZO, seeding of the plasma wave
positive (solid curves and negative(dashed curvéschirped pulses with ~ due to envelope effects is much less sensitive to pulse asym-
kpL=6 for 2x10* cm™® density. (b) Solid curve is the ratoA  metries, i.e. A~ 1. Therefore the maximum wave amplitude
=(712. 8.1/ 71a-8¢_])|a, of the Fourier componentéevaluated at (g actron yield occurs for shorter laser pulses at higher in-

relativistic plasma frequency for peak intensity) of the Raman scattering . . h | h .
seeds &. 5¢.) with pulse shapes of) as a function of density. Dashed tensities, i.e., near the normal compressor zero, as shown in

curve is the peak seed of the positive chirped p{isesd  (£)]max- Fig. 3.

A

-_——— [a+8¢+(C)]max
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